ABSTRACT In this paper, a new method of designing RF ring oscillator using current-mode technology is presented. The current-mode low frequency oscillator theory is transferred to facilitate the design of RF ring oscillator. As an example, a current-mode RF quadrature ring oscillator (RFQRO) for L-band wireless communication applications is presented. The current-mode RFQRO consists of two firstorder all-pass filters, and it provides four quadrature RF sinusoidal outputs. The proposed current-mode RFQRO is verified with GlobalFoundries' 0.18 µm 1P6M CMOS RF process. The simulated and measured results demonstrate that the proposed RFQRO works at 1.03 GHz, and its frequency tuning range is from 648.9 MHz to 1.17 GHz by adjusting the bias voltage from 0.62 to 1 V. The measured phase noise of the RFQRO is −105.5 dBc/Hz at 1 MHz offset, and it consumes 2.5 mW from 1 V supply voltage.
I. INTRODUCTION
Voltage controlled oscillator (VCO) is one of the most important blocks in modern RF wireless communication systems. There are two kinds of main RF VCOs, which are LC VCO [1] - [4] and ring oscillator [5] - [8] . Because of the higher quality factor (Q) of the LC tank, the LC VCO has higher oscillation frequency and better phase noise performance. However, the frequency tuning ability of LC VCO is realized by the on-chip variable capacitors, and the variable range of the on-chip integrate capacitors are limited, which leads to very narrow frequency adjustment range of the LC VCO. Moreover, the using of multiple on-chip inductors leads to relatively large chip area of the LC VCO.
Another better choice for the implementation of RF VCOs is the ring oscillator, and the ring oscillator is realized by connecting delay cells into a ring. Because on-chip inductors are not necessary in the ring oscillators, and the chip area is much smaller than the LC VCO. The frequency tuning ability of the ring oscillator is realized by adjusting the bias current of the delay cells. The bias current can be freely controlled, and the frequency adjustment range of the ring oscillator is relatively wider. Unlike the current-mode low frequency oscillators, because of lacking of mature design theory, the reported ring oscillators have no definite characteristic equations, and not to mention their oscillation conditions and oscillation frequencies.
Current-mode signal processing circuits have demonstrated a lot of advantages over their voltage-mode counterparts including wider bandwidth and higher dynamic range [9] . After decades of research and development of the current-mode circuits, the current-mode circuit theory is very mature, especially the current-mode filters and oscillators. Many related works have been reported in recent years [10] - [13] . According to the current-mode oscillator design theory, the current-mode oscillators usually have definite characteristic equations, and their oscillation conditions and oscillation frequencies are very easy to be obtained from their characteristic equations. However, the oscillation frequencies of the reported current-mode oscillators are very low, their oscillation frequencies are no more than 100MHz, and they are difficult to apply to modern high-frequency communications systems.
It is found that the current-mode low frequency oscillators and the RF ring oscillators are closely related. The two kinds of oscillators are all realized by connecting delay cells into a ring to generate sinusoidal signals. However, the delay cells in the current-mode low frequency oscillators are called low pass filter, high pass filter, all pass filter and integrator. As we all know that a phase shift from −90 • to 0 • can be achieved by the first-order low pass filter, a phase shift from 0 • to 90 • can be achieved by the high pass filter; a phase shift from 0 • to 180 • can be achieved by the first-order all pass filter; 90 • phase shift can be achieved by the integrator.
This paper intends to use the current-mode low frequency oscillator technology to design RF ring oscillators. The new kind of current-mode RF ring oscillators has accurate characteristic equation, oscillation condition and oscillation frequency, and it is easier and more convenient than the conventional RF ring oscillator method. As an example, a RFQRO for L-band wireless communication applications is designed to verify the feasibility of using the current-mode method to design RF ring oscillator. 
II. CURRENT-MODE LOW FREQUENCY OSCILLATORS AND RF RING OSCILLATORS A. RF RING OSCILLATORS
The RF ring oscillators are realized by connecting delay cells into a ring, and the delay cells are the most important parts in RF ring oscillators. Fig.1 is a conventional delay cell presented in [14] , and it consists of 11 MOS transistors. Using three identical delay cells in Fig.1 , a three-stage ring oscillator is proposed in Fig.2 .
The three-stage ring oscillator works from 7.3GHz to 7.86GHz, and it has better circuit performances. However, the delay cell in Fig.1 has no exact terminal equation, and its phase shift is not estimable. Moreover, the three-stage ring oscillator has no characteristic equation, oscillation condition and oscillation frequency, and the conventional RF ring oscillators lack definite design theory.
B. CURRENT-MODE OSCILLATORS
Operational transconductance amplifier (OTA), second generation current conveyor (CCII), current differencing buffer amplifier (CDBA) and current differencing transconductance amplifier (CDTA) are the popular current-mode active blocks in designing current-mode filters and oscillators. The CDTA is chosen as an example to illustrate the current-mode low frequency oscillators.
The circuit realization of conventional CDTA is shown in Fig.3 . It is clear that the CDTA consists of 50 MOS transistors, its structure is very complex. The terminal relation of the CDTA can be characterized by the following set of equations [15] :
v p and v n are the voltages of the terminals P and N; i p and i n are the currents of the terminals P and N; i z and i x are the currents of the terminals Z and X; g m is the transconductance of the CDTA, and Zz is the reactance of terminal Z.
By the terminal equation of the CDTA and current-mode method, it is easy to design various delay cells. The CDTAbased first order low pass filter is presented in Fig.4 . Using the terminal equation of the CDTA, the relation of the output currents and input current could be expressed as:
According to equation (2), the Bode diagram of the first order low pass filter is plotted in Fig.5 . It is clear that the CDTA-based first order low pass filter could realize a phase shift from −90 • to 0 • .
The CDTA-based first order all pass filter is presented in Fig.6 . Similarly, the relation of the output and input currents in Fig.6 could be expressed as:
According equation (3), the phase shift of the first order all pass filter is shown in Fig.7 . The CDTA-based first order all pass filter could realize a phase shift from −180 • to 0 • .
The CDTA-based integrator is presented in Fig.8 . Using the terminal equation of the CDTA, the relation of the output currents and input current of the integrator could be expressed as:
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From the above analysis, we can know that the RF ring oscillators are realized by connecting delay cells into a ring. The delay cells of the reported RF ring oscillators are simple, and they are suitable for higher frequency applications. However, all the reported delay cells of the RF ring oscillators are randomly presented. They lack unified theoretical support to design RF ring oscillators, and all the reported RF ring oscillators have no definite characteristic equations, oscillation conditions and oscillation frequencies.
It is easy to design various delay cells by using the currentmode active blocks and the current-mode method. However, because the structures of existing current-mode active blocks are very complex (for example, the CDTA consist of 50 MOS transistors), it limits its high frequency applications.
Designing RF ring oscillators with current-mode low frequency oscillator theory is another better choice to design RF VCO, which will make the designing of RF ring oscillators easier and more convenient.
III. PROPOSED CURRENT-MODE RF RING OSCILLATOR A. PROPOSED SIMPLIFIED ACTIVE CURRENT-MODE BLOCK
A current-mode RF ring oscillator using the current-mode low frequency theory is proposed. By referencing the conventional active block CDTA, a current subtraction circuit is presented in Fig.9 . Actually, the subtraction circuit is a simplified CDTA, compared with the conventional CMOS CDTA in Fig.3 , the simplified CDTA is much simpler. M 8 and M 11 consist of a current mirror, M 11 copies the current in M 8 ; M 9 and M 10 consist of the second current mirror, M 10 copies the current in M 9 ; M 3 and M 4 consist of the third current mirror, M 4 copies the current in M 3 . However, the source current in M 10 is equal to M 3 , the current subtraction is realized in M 11 and M 4 , and the current inverse subtraction is realized in M 7 and M 14 , which is:
A simplified current-mode first order all pass filter (delay cell 1) is realized in Fig.10 by using the current subtraction circuit in Fig.9 . From the above analysis, the currents relation in Fig.10 could be expressed as:
The currents in the R 1 and C 1 are:
From equations (6-7), it is clear that:
The second simplified current-mode first order all pass filter (delay cell 2) is presented in Fig.11 . Similarly, the currents relation in Fig.11 could be expressed as: From the above analysis, it is clear that the circuits in Fig.10 and Fig.11 are all first order all pass filters. Compared with the CDTA-based first order all pass filter in Fig.6 , the two novel first order all pass filters in Fig.10 and Fig.11 are more effective and simpler. Because only 14 MOS transistors are used in the two circuits, they contain fewer parasitic parameters, and they are more suitable for RF ring oscillators' applications.
Connecting the two delay cells in Fig.10 and Fig.11 into a ring, a current-mode RF quadrature ring oscillator is realized in Fig.12 . Fig.12 (a) is a two-phase RFQRO, and Fig.12 (b) is a four-phase RFQRO, and the both current-mode RFQROs consist of a phase-lead delay cell and a phase-lag delay cell.
According to equations (8) (9) , the characteristic equation of the proposed current-mode RFQROs can be expressed as:
Assuming that R 1 = R 2 = R, and C 1 = C 2 = C, from equation (10), the oscillation frequency is
The phase shift of the delay cell in Fig.8 is:
Likewise, the phase shift of the delay cell in Fig.9 is:
According to Barkhausen stability criterion (i) oscillators sustain steady-state oscillation only when the loop gain is equal to the unity; (ii) The phase shift around the loop is zero or an integer multiple of 2π , the current-mode RF oscillator sustains steady-state oscillation, and the following conditions should be satisfied:
From the above analysis, the conditions in equations (14) are always satisfied. Moreover, from equation (15), it is clear VOLUME 5, 2017 
Equation (16) means that phase shift of the delay cell in Fig.8 is 90 • , which reveals that the phase difference between i o1 and i o3 is 90 • , and the two output currents are quadrature. Moreover, from equation (5), it is clear that
Combining equation (17), we can know that the output currents are quadrature, and the proposed current-mode RFQRO in Fig.12 (a) could provide two quadrature signals, and the proposed current-mode RFQRO in Fig.12 (b) could provide four quadrature signals.
IV. SIMULATED AND MEASURED RESULTS
The current-mode RFQRO in Fig.12 (a) is verified with standard GlobalFoundries' 1P6M 0.18 µm RF CMOS technology. Fig.13 and Fig.14 are the simulated transient response of the proposed current-mode RFQRO. Fig.13 is the simulated transient response during its initial state, and the starting time of the RFQRO is about 300ns; Fig.14 is the simulated transient response from 395 ns to 400 ns, and the output signals are quadrature. Fig.15 is the simulated spectrum of the RFQRO, the simulated output frequency of the RFQRO is about 1.14GHz. (including the ring oscillators and conventional current-mode low frequency oscillators) in Table 1 . It is observed that the ring oscillators in [7] and [8] have the advantages of lower supply voltage, lower power consumption and higher oscillation frequencies than the current-mode low frequency oscillators in [11] and [12] ; however, the current-mode low frequency oscillators have definite characteristic equations, oscillation conditions and oscillation frequencies, which form mature design theory. The proposed RFQRO combines the advantages of the two kinds of oscillators, and it provides a new method for the designing of current-mode RF ring oscillators. VOLUME 5, 2017
V. CONCLUSION
A new RF ring oscillator design method using current-mode technology is presented in this paper. Based on the similar working principle of the RF ring oscillators and the currentmode low frequency oscillators, the current-mode low frequency oscillator theory is transferred to design RF ring oscillators. A current-mode RFQRO using the current-mode low frequency oscillator design method is proposed and verified to confirm the theory. The simulated and measured results show that the current-mode low frequency oscillator design method provides a simpler and more effective approach for RF ring oscillator designing.
